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(57) ABSTRACT 

During device manufacturing, a beam of radiation is pro 
jected onto a substrate via a mask. The substrate is aligned 
With the mask using an alignment structure on the substrate, 
With properties of the light re?ected from (or transmitted by) 
the alignment structure being used to determine the relative 
position of the substrate. Earlier processing of the substrate 
may cause errors in the position determined from the 
re?ected light. In one embodiment of the invention, mea 
surement of properties of the re?ected light are used to 
determine a correction for errors caused by processing of the 
substrate. Parameters of a physical model of the alignment 
structure may be estimated from the re?ected light and used 
to determine the correction. Amplitudes of a plurality of 
different diffraction peaks may be measured to determine the 
correction. 
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LITHOGRAPHIC APPARATUS, DEVICE 
MANUFACTURING METHOD, AND DEVICE 

MANUFACTURED THEREBY 

RELATED APPLICATIONS 

[0001] This application claims priority to European Patent 
Application EP 02080336.7, ?led Dec. 16, 2002, Which 
document is herein incorporated by reference. 

FIELD OF THE INVENTION 

[0002] The present invention relates-to lithographic pro 
jection apparatus and methods. 

BACKGROUND 

[0003] The term “patterning structure” as here employed 
should be broadly interpreted as referring to any structure or 
?eld that may be used to endoW an incoming radiation beam 
With a patterned cross-section, corresponding to a pattern 
that is to be created in a target portion of a substrate; the term 
“light valve” can also be used in this context. It should be 
appreciated that the pattern “displayed” on the patterning 
structure may differ substantially from the pattern eventually 
transferred to eg a substrate or layer thereof (eg Where 
pre-biasing of features, optical proximity correction fea 
tures, phase and/or polariZation variation techniques, and/or 
multiple exposure techniques are used). Generally, such a 
pattern Will correspond to a particular functional layer in a 
device being created in the target portion, such as an 
integrated circuit or other device (see beloW). A patterning 
structure may be re?ective and/or transmissive. Examples of 
patterning structure include: 

[0004] A mask. The concept of a mask is Well knoWn 
in lithography, and it includes mask types such as 
binary, alternating phase-shift, and attenuated phase 
shift, as Well as various hybrid mask types. Place 
ment of such a mask in the radiation beam causes 
selective transmission (in the case of a transmissive 
mask) or re?ection (in the case of a re?ective mask) 
of the radiation impinging on the mask, according to 
the pattern on the mask. In the case of a mask, the 
support structure Will generally be a mask table, 
Which ensures that the mask can be held at a desired 
position in the incoming radiation beam, and that it 
can be moved relative to the beam if so desired. 

[0005] A programmable mirror array. One example 
of such a device is a matrix-addressable surface 
having a viscoelastic control layer and a re?ective 
surface. The basic principle behind such an appara 
tus is that (for example) addressed areas of the 
re?ective surface re?ect incident light as diffracted 
light, Whereas unaddressed areas re?ect incident 
light as undiffracted light. Using an appropriate ?lter, 
the undiffracted light can be ?ltered out of the 
re?ected beam, leaving only the diffracted light 
behind; in this manner, the beam becomes patterned 
according to the addressing pattern of the matrix 
addressable surface. An array of grating light valves 
(GLVS) may also be used in a corresponding man 
ner, Where each GLV may include a plurality of 
re?ective ribbons that can be deformed relative to 
one another (eg by application of an electric poten 
tial) to form a grating that re?ects incident light as 
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diffracted light. A further alternative embodiment of 
a programmable mirror array employs a matrix 
arrangement of very small (possibly microscopic) 
mirrors, each of Which can be individually tilted 
about an axis by applying a suitable localiZed electric 
?eld, or by employing pieZoelectric actuation means. 
For example, the mirrors may be matrix-addressable, 
such that addressed mirrors Will re?ect an incoming 
radiation beam in a different direction to unaddressed 
mirrors; in this manner, the re?ected beam is pat 
terned according to the addressing pattern of the 
matrix-addressable mirrors. The required matrix 
addressing can be performed using suitable elec 
tronic means. In both of the situations described 
hereabove, the patterning structure can comprise one 
or more programmable mirror arrays. More infor 
mation on mirror arrays as here referred to can be 
gleaned, for example, from US. Pat. No. 5,296,891 
and US. Pat. No. 5,523,193 and PCT patent appli 
cations WO 98/38597 and WO 98/33096, Which 
documents are incorporated herein by reference. In 
the case of a programmable mirror array, the support 
structure may be embodied as a frame or table, for 
example, Which may be ?xed or movable as 
required. 

[0006] A programmable LCD panel. An example of 
such a construction is given in Us. Pat. No. 5,229, 
872, Which is incorporated herein by reference. As 
above, the support structure in this case may be 
embodied as a frame or table, for example, Which 
may be ?xed or movable as required. 

[0007] For purposes of simplicity, the rest of this text may, 
at certain locations, speci?cally direct itself to examples 
involving a mask (or “reticle”) and mask table (or “reticle 
table”); hoWever, the general principles discussed in such 
instances should be seen in the broader context of the 
patterning structure as hereabove set forth. 

[0008] A lithographic apparatus may be used to apply a 
desired pattern onto a surface (eg a target portion of a 
substrate). Lithographic projection apparatus can be used, 
for example, in the manufacture of integrated circuits (ICs). 
In such a case, the patterning structure may generate a circuit 
pattern corresponding to an individual layer of the IC, and 
this pattern can be imaged onto a target portion (e.g com 
prising one or more dies and/or portion(s) thereof) on a 
substrate (eg a Wafer of silicon or other semiconductor 
material) that has been coated With a layer of radiation 
sensitive material (eg resist). In general, a single Wafer Will 
contain a Whole matrix or netWork of adjacent target por 
tions that are successively irradiated via the projection 
system (eg one at a time). 

[0009] Among current apparatus that employ patterning 
by a mask on a mask table, a distinction can be made 
betWeen tWo different types of machine. In one type of 
lithographic projection apparatus, each target portion is 
irradiated by exposing the entire mask pattern onto the target 
portion at once; such an apparatus is commonly referred to 
as a Wafer stepper. In an alternative apparatus—commonly 
referred to as a step-and-scan apparatus—each target portion 
is irradiated by progressively scanning the mask pattern 
under the projection beam in a given reference direction (the 
“scanning” direction) While synchronously scanning the 



US 2004/0174508 A1 

substrate table parallel or anti-parallel to this direction; 
since, in general, the projection system Will have a magni 
?cation factor M (generally <1), the speed V at Which the 
substrate table is scanned Will be a factor M times that at 
Which the mask table is scanned. A projection beam in a 
scanning type of apparatus may have the form of a slit With 
a slit Width in the scanning direction. More information With 
regard to lithographic devices as here described can be 
gleaned, for example, from US. Pat. No. 6,046,792, Which 
is incorporated herein by reference. 

[0010] In a manufacturing process using a lithographic 
projection apparatus, a pattern (eg in a mask) is imaged 
onto a substrate that is at least partially covered by a layer 
of radiation-sensitive material (eg resist). Prior to this 
imaging procedure, the substrate may undergo various other 
procedures such as priming, resist coating, and/or a soft 
bake. After exposure, the substrate may be subjected to other 
procedures such as a post-exposure bake (PEB), develop 
ment, a hard bake, and/or measurement/inspection of the 
imaged features. This set of procedures may be used as a 
basis to pattern an individual layer of a device (eg an IC). 
For example, these transfer procedures may result in a 
patterned layer of resist on the substrate. One or more 
pattern processes may folloW, such as deposition, etching, 
ion-implantation (doping), metalliZation, oxidation, chemo 
mechanical polishing, etc., all of Which may be intended to 
create, modify, or ?nish an individual layer. If several layers 
are required, then the Whole procedure, or a variant thereof, 
may be repeated for each neW layer. Eventually, an array of 
devices Will be present on the substrate (Wafer). These 
devices are then separated from one another by a technique 
such as dicing or saWing, Whence the individual devices can 
be mounted on a carrier, connected to pins, etc. Further 
information regarding such processes can be obtained, for 
example, from the book “Microchip Fabrication: APractical 
Guide to Semiconductor Processing”, Third Edition, by 
Peter van Zant, McGraW Hill Publishing Co., 1997, ISBN 
0-07-067250-4. 

[0011] A substrate as referred to herein may be processed 
before or after exposure: for example, in a track (a tool that 
typically applies a layer of resist to a substrate and develops 
the exposed resist) or a metrology or inspection tool. Where 
applicable, the disclosure herein may be applied to such and 
other substrate processing tools. Further, the substrate may 
be processed more than once (for example, in order to create 
a multi-layer IC), so that the term substrate as used herein 
may also refer to a substrate that already contains multiple 
processed layers. 

[0012] The term “projection system” should be broadly 
interpreted as encompassing various types of projection 
system, including refractive optics, re?ective optics, and 
catadioptric systems, for example. A particular projection 
system may be selected based on factors such as a type of 
exposure radiation used, any immersion ?uid(s) or gas-?lled 
areas in the exposure path, Whether a vacuum is used in all 
or part of the exposure path, etc. For the sake of simplicity, 
the projection system may hereinafter be referred to as the 
“lens.” The radiation system may also include components 
operating according to any of these design types for direct 
ing, shaping, reducing, enlarging, patterning, and/or other 
Wise controlling the projection beam of radiation, and such 
components may also be referred to beloW, collectively or 
singularly, as a “lens.” 
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[0013] Further, the lithographic apparatus may be of a type 
having tWo or more substrate tables (and/or tWo or more 
mask tables). In such “multiple stage” devices the additional 
tables may be used in parallel, or preparatory steps may be 
carried out on one or more tables While one or more other 

tables are being used for exposures. Dual stage lithographic 
apparatus are described, for example, in US. Pat. No. 
5,969,441 and PCT Application No. WO 98/40791, Which 
documents are incorporated herein by reference. 

[0014] The lithographic apparatus may also be of a type 
Wherein the substrate is immersed in a liquid having a 
relatively high refractive index (eg Water) so as to ?ll a 
space betWeen the ?nal element of the projection system and 
the substrate. Immersion liquids may also be applied to other 
spaces in the lithographic apparatus, for example, betWeen 
the mask and the ?rst element of the projection system. The 
use of immersion techniques to increase the effective 
numerical aperture of projection systems is Well knoWn in 
the art. 

[0015] In the present document, the terms “radiation” and 
“beam” are used to encompass all types of electromagnetic 
radiation, including ultraviolet radiation (eg with a Wave 
length of 365, 248, 193, 157 or 126 nm) and EUV (extreme 
ultra-violet radiation, e.g. having a Wavelength in the range 
5-20 nm), as Well as particle beams (such as ion or electron 

beams). 
[0016] Although speci?c reference may be made in this 
text to the use of lithographic apparatus in the manufacture 
of ICs, it should be explicitly understood that such an 
apparatus has many other possible applications. For 
example, it may be employed in the manufacture of inte 
grated optical systems, guidance and detection patterns for 
magnetic domain memories, liquid-crystal display panels, 
thin-?lm magnetic heads, DNA analysis devices, etc. The 
skilled artisan Will appreciate that, in the context of such 
alternative applications, any use of the terms “Wafer” or 
“die” in this text should be considered as being replaced by 
the more general terms “substrate” and “target portion”, 
respectively. 

[0017] Alithographic apparatus may include an alignment 
subsystem, eg to accurately measure a relative position of 
a substrate and a patterning structure. HoWever, the inven 
tors have discovered that processing operations performed 
on the substrate (e.g. prior to alignment) may affect the 
accuracy of an alignment operation. 

SUMMARY 

[0018] A device manufacturing method according to one 
embodiment of the invention includes using a patterning 
structure to pattern a beam of radiation according to a 
desired pattern and determining a position, relative to the 
patterning structure, of an alignment structure having spa 
tially periodically variable optical properties. The deter 
mined position is based on positional information from light 
affected by a substrate having the alignment structure. 

[0019] The method also includes controlling a relative 
positioning of the patterning structure and the substrate, 
based on the position. Determining a position also includes 
obtaining position-invariant information from the light 
affected by the substrate; and determining, based on the 
position-invariant information, a correction to a determina 
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tion of a position of an alignment structure of at least one 
among (1) the substrate, (2) another substrate that has been 
subjected to a processing operation in common With the 
substrate, and (3) a further substrate that has been subjected 
to a further processing operation according to the same value 
of a processing parameter used to subject the substrate to the 
further processing operation. Apparatus according to 
embodiments of the invention are also described herein. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] Embodiments of the invention Will noW be 
described, by Way of example only, With reference to the 
accompanying schematic draWings in Which: 

[0021] FIG. 1 depicts a lithographic projection apparatus 
according to an embodiment of the invention; 

[0022] FIG. 2 shoWs an alignment system according to an 
embodiment of the invention; 

[0023] FIG. 3 shoWs an example of a cross section of a 
height pro?le; and 

[0024] FIG. 4 shoWs a ?oW chart for a method of aligning 
a substrate according to an embodiment of the invention. 

[0025] In the Figures, corresponding reference symbols 
indicate corresponding parts. 

DETAILED DESCRIPTION 

[0026] Embodiments of the invention include, for 
example, methods and apparatus that may be used to provide 
for accurate correction of misalignment errors that may 
occur When a substrate is aligned after being subjected to 
processing (e.g. Without requiring extensive calibration 
measurements). For example, methods and apparatus 
according to these or other embodiments of the invention 
may be used to provide for accurate correction of misalign 
ment errors When using a phase grating alignment system. 

[0027] FIG. 1 schematically depicts a lithographic pro 
jection apparatus according to a particular embodiment of 
the invention. The apparatus comprises: 

[0028] A radiation system con?gured to supply (e.g. hav 
ing structure capable of supplying) a projection beam of 
radiation (e.g. UV or EUV radiation). In this particular 
example, the radiation system RS comprises a radiation 
source SO, a beam delivery system BD, and an illumination 
system including adjusting structure AM for setting an 
illumination node, an integrator IN, and condensing optics 
CO; 

[0029] A support structure con?gured to support a pattern 
ing structure capable of patterning the projection beam. In 
this example, a ?rst object table (mask table) MT is provided 
With a mask holder for holding a mask MA (eg a reticle), 
and is connected to a ?rst positioning structure PM for 
accurately positioning the mask With respect to item PL; 

[0030] A second object table (substrate table) con?gured 
to hold a substrate. In this example, substrate table WT is 
provided With a substrate holder for holding a substrate W 
(eg a resist-coated semiconductor Wafer), and is connected 
to a second positioning structure PW for accurately posi 
tioning the substrate With respect to item PL and (eg 
interferometric) measurement structure IF, Which is con?g 
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ured to accurately indicate the position of the substrate 
and/or substrate table With respect to lens PL; and 

[0031] A projection system (“lens”) con?gured to project 
the patterned beam. In this example, projection system PL 
(eg a refractive lens group, a catadioptric or catoptric 
system, and/or a mirror system) is con?gured to image an 
irradiated portion of the mask MA onto a target portion C 
(e.g. comprising one or more dies and/or portion(s) thereof) 
of the substrate W. Alternatively, the projection system may 
project images of secondary sources for Which the elements 
of a programmable patterning structure may act as shutters. 
The projection system may also include a microlens array 
(MLA), eg to form the secondary sources and to project 
microspots onto the substrate. 

[0032] As here depicted, the apparatus is of a transmissive 
type (eg has a transmissive mask). HoWever, in general, it 
may also be of a re?ective type, for example (eg with a 
re?ective mask). Alternatively, the apparatus may employ 
another kind of patterning structure, such as a programmable 
mirror array of a type as referred to above. 

[0033] The source SO (eg a mercury lamp, an excimer 
laser, an electron gun, a laser-produced plasma source or 
discharge plasma source, or an undulator provided around 
the path of an electron beam in a storage ring or synchrotron) 
produces a beam of radiation. This beam is fed into an 
illumination system (illuminator) IL, either directly or after 
having traversed a conditioning structure or ?eld. For 
example, a beam delivery system BD may include suitable 
directing mirrors and/or a beam expander. The illuminator 
IL may comprise an adjusting structure or ?eld AM for 
setting the outer and/or inner radial extent (commonly 
referred to as o-outer and o-inner, respectively) of the 
intensity distribution in the beam, Which may affect the 
angular distribution of the radiation energy delivered by the 
projection beam at, for example, the substrate. In addition, 
the apparatus Will generally comprise various other compo 
nents, such as an integrator IN and a condenser CO. In this 
Way, the beam PB impinging on the mask MA has a desired 
uniformity and intensity distribution in its cross-section. 

[0034] It should be noted With regard to FIG. 1 that the 
source SO may be Within the housing of the lithographic 
projection apparatus (as is often the case When the source SO 
is a mercury lamp, for example), but that it may also be 
remote from the lithographic projection apparatus, the radia 
tion beam Which it produces being led into the apparatus 
(eg with the aid of suitable direction mirrors); this latter 
scenario is often the case When the source SO is an excimer 
laser. The current invention and claims encompass both of 
these scenarios. 

[0035] The beam PB subsequently intercepts the mask 
MA, Which is held on a mask table MT. Having traversed 
(alternatively, having been selectively re?ected by) the mask 
MA, the beam PB passes through the lens PL, Which focuses 
the beam PB onto a target portion C of the substrate W. With 
the aid of the second positioning structure PW (and inter 
ferometric measuring structure IF), the substrate table WT 
can be moved accurately, e.g. so as to position different 
target portions C in the path of the beam PB. Similarly, the 
?rst positioning structure PM can be used to accurately 
position the mask MA With respect to the path of the beam 
PB, eg after mechanical retrieval of the mask MA from a 
mask library, or during a scan. In general, movement of the 
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object tables MT, WT Will be realized With the aid of a 
long-stroke module (coarse positioning) and a short-stroke 
module (?ne positioning), Which are not explicitly depicted 
in FIG. 1. However, in the case of a Wafer stepper (as 
opposed to a step-and-scan apparatus) the mask table MT 
may just be connected to a short stroke actuator, or may be 
?xed. Mask MA and substrate W may be aligned using mask 
alignment marks M1, M2 and substrate alignment marks P1, 
P2. 

[0036] The depicted apparatus can be used in several 
different modes: 

[0037] 1. In step mode, the mask table MT is kept 
essentially stationary, and an entire mask image is 
projected at once (ie in a single “?ash”) onto a 
target portion C. The substrate table WT is then 
shifted in the X and/or y directions so that a different 
target portion C can be irradiated by the beam PB; 

[0038] 2. In scan mode, essentially the same scenario 
applies, except that a given target portion C is not 
exposed in a single “?ash”. Instead, the mask table 
MT is movable in a given direction (the so-called 
“scan direction”, eg the y direction) With a speed v, 
so that the projection beam PB is caused to scan over 
a mask image. Concurrently, the substrate table WT 
is simultaneously moved in the same or opposite 
direction at a speed V=Mv, in Which M is the 

magni?cation of the lens PL (typically, M=1A1 or In this manner, a relatively large target portion C can 

be exposed, Without having to compromise on reso 
lution. 

[0039] 3. In another mode, the mask table MT is kept 
essentially stationary holding a programmable pat 
terning structure, and the substrate table WT is 
moved or scanned While a pattern imparted to the 
projection beam is projected onto a target portion C. 
In this mode, generally a pulsed radiation source is 
employed and the programmable patterning structure 
is updated as required after each movement of the 
substrate table WT or in betWeen successive radia 
tion pulses during a scan. This mode of operation can 
be readily applied to maskless lithography that uti 
liZes programmable patterning structure, such as a 
programmable mirror array of a type as referred to 
above. 

[0040] Combinations and/or variations on the above-de 
scribed modes of use or entirely different modes of use may 
also be employed. 

[0041] Before the patterned beam can be projected onto 
substrate W, substrate W and the patterning structure have to 
be positioned relative to one another so that the projected 
beam Will strike the substrate at the required target position. 
For this purpose, it is desirable to provide the lithographic 
apparatus With the capability to provide a highly accurate 
measurement of the position of the substrate relative to the 
patterning structure or the support structure for the pattern 
ing structure. 

[0042] A method of aligning a substrate in a lithographic 
apparatus is described in an article by A. A. GhaZanfarian et 
al, titled “Exploiting structure in positioning of non-sym 
metric signals” and published in the Proceedings of the 
ICASSP 1998. GhaZanfarian et al use a scanning/imaging 
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technique. An alignment mark is provided on the substrate 
and light scattered from the alignment mark is detected 
When the mark is scanned. Details of the detection technique 
are not disclosed, but the result is a detected signal Which has 
lineshape With a peak as a function of scanning position. The 
location of the peak nominally corresponds to the position of 
the alignment mark. 

[0043] The accuracy of this type of measurement is 
affected by the optical system and the processing steps to 
Which the substrate has been subjected. In particular, sys 
tematic alignment errors arise due to asymmetry in the 
optical system and processing steps that affect the symmetry 
of structures on the substrate. These errors may vary from 
batch to batch (eg due to the effect of variations in Wafer 
processing conditions), from Wafer to Wafer, or even 
betWeen different positions on a Wafer. 

[0044] GhaZanfarian et al propose to reduce such errors by 
introducing a modelling step. The modelled lineshape of the 
detected signal as a function of a number of “hidden” 
parameters is used. During normal alignment, GhaZanfarian 
et al ?t the values of the hidden parameters to best approxi 
mate the measured lineshape. The position of the alignment 
mark offset is determined by determining Which offset must 
be applied to the modelled lineshape to ?t it to the measured 
lineshape. 
[0045] Prior to actual alignment, the relation betWeen the 
hidden parameters and the modelled lineshape is deter 
mined, and the number of hidden parameters is selected. 
This step involves a learning phase in Which a number of 
samples of alignment marks are used, of Which the position 
is measured in some reliable Way and of Which the lineshape 
of the detection signal is measured. The samples may 
represent a spread of different lineshapes and offsets that are 
typical that may occur during normal alignment. GhaZan 
farian et al use a singular value decomposition technique to 
generate a model capable of representing this spread and the 
corresponding position errors in terms of a minimum num 
ber of hidden parameters. 

[0046] The technique used by GhaZanfarian et al has a 
number of draWbacks. First of all, during the model-forming 
step accurate measurements of the actual position of the 
alignment marks are needed. Such measurements are dif? 
cult to realiZe, and a considerable number of such measure 
ments is needed during the model-forming step. A different 
set of measurements has to be obtained for each lithographic 
step during manufacturing of the substrate. This requirement 
makes the technique very expensive. 

[0047] Secondly, the technique of GhaZanfarian et al 
requires a type of measurement that produces a lineshape 
that contains suf?cient information as a function of scanning 
position to permit determination of suf?cient hidden param 
eters to correct the position errors of the peak of the 
lineshape. This requirement excludes correction of line 
shapes that contain insuf?cient information. 

[0048] Techniques for realiZing alignment may use a 
phase grating alignment measurement. In some of these 
cases, alignment marks With periodically varying optical 
properties are included on the substrate. Intensity of light 
scattered by the alignment mark is measured and the phase 
of observed periods of the alignment mark relative to some 
de?ned position in the lithographic apparatus is determined 
to measure the position of the alignment mark. 
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[0049] To reduce or eliminate errors, a diffraction tech 
nique may be used. In such a technique, the spatially 
periodic optical properties of the alignment mark lead to 
diffraction of light in different orders of diffraction, much as 
by a diffraction grating. During the phase grating alignment 
measurement, the alignment mark is lighted With monochro 
matic light and different orders of light are diffracted from 
the alignment mark. Light from pairs of orders is separated 
and used as a detection signal, of Which the intensity varies 
periodically as a function of displacement of the alignment 
mark, due to the periodic nature of the alignment mark. The 
intensity is used to generate a detection signal, from Which 
the position of the alignment mark is determined (e.g. up to 
an integer number of periods of the alignment mark). A 
combination of position measurements from different pairs 
of orders of diffraction may be used to realiZe a more reliable 
position measurement. 

[0050] This technique has also been found to suffer from 
misalignment errors due to asymmetry induced by substrate 
processing effects. GhaZanfarian et al do not describe cor 
rection of this type of measurement. HoWever, When applied 
to the detection signal for a pair of orders of diffraction, 
insuf?cient information is generally available in this detec 
tion signal to ?t a suf?cient number of hidden parameters for 
correction of misalignment errors. 

[0051] Light affected by the substrate contains both posi 
tional information (that is, information Which is affected by 
displacement of the substrate) and position invariant infor 
mation (that is, information Which does not change under 
displacement, at least if uniform lighting is used). Examples 
of positional information are the phase of light diffracted by 
a grating, or the position of the image of a feature on the 
substrate. Examples of invariant information includes the 
maXimum intensity of diffracted or re?ected light as a 
function of position. Normally, only positional information 
is used for alignment. Embodiments of an apparatus accord 
ing to an embodiment of the invention are based on the 
insight that the position invariant information of light that 
has been affected by a substrate is characteristic of variations 
that occur in a process step and can therefore be used to 
identify the variations and the siZe of the resulting correction 
that has to be applied to positional information. 

[0052] In particular, a combination of amplitudes of 
respective ones of a plurality of different pairs of orders of 
light diffracted by the alignment mark can be used to correct 
a position measurement from any single one or more of the 
pairs of orders. Based only on optical theoretical consider 
ations for arbitrary alignment structures, there is little or no 
reason to eXpect that the phase corrections can be deter 
mined from the amplitudes, but it has been realiZed that any 
given process step can only lead to a predetermined range of 
variations of the optical properties of the alignment mark, 
each With its oWn combined effect upon the amplitudes and 
the position measurement for different pairs. Thus, a corre 
lation betWeen amplitudes and position errors occurs that 
can be used to improve position measurement accuracy. 

[0053] Because the intensities are used to determine the 
position corrections indirectly by identifying the type of 
deformation, the correction of position measurement for 
light of one Wavelength need not be based on intensities 
measured With light of that Wavelength, or only on intensi 
ties measured With light of that Wavelength. Neither do the 
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intensities need to be measured on the same alignment 
structure as the positions, or indeed on the same substrate: 
another substrate that has been subject to the same process 
ing may be used to determine the required corrections as 
Well. In some embodiments, amplitude measurements of the 
orders of diffraction of light of a number of different 
Wavelengths may be used. Thus, the type of position cor 
rections can be identi?ed more accurately. 

[0054] The phase measurement for different pairs of 
orders of diffraction may be used in addition to the inten 
sities to determine the siZe of correction. In this case, a 
separation betWeen computation of a correction from the 
amplitudes and correction of the position measurement of 
from the phase may not be strictly necessary. Where the 
claims speak of determining a correction “to be used” for 
determining the siZe of the correction of position, this 
feature Will be understood to cover both eXplicit correction 
and correction that is determined implicitly during a deter 
mination of the position measurement from amplitudes and 
phases. In both cases, position independent information 
affects the siZe of correction even if the position dependent 
phase information does not change. 

[0055] In order to determine the corrections, use is pref 
erably made of a parametriZed model that characteriZes 
physical properties of the alignment structure as a function 
of position in the alignment structure. For eXample, such 
parameters may include the duty cycle of the period of 
ridges in the alignment structure, the depth of the ridges, 
edge slope on either side of the ridges, the height of 
unevenness of plateaus of the ridges and betWeen ridges, 
position and amplitude of unevenness in a resist layer on top 
of the ridges, etc. Such structures describing parameters may 
be used, e.g., to make the model accessible for persons that 
are not optical eXperts, but alternatively other types of 
parameters may be used, such as parametriZed approxima 
tions of re?ection coef?cients of the substrate as a function 
of position. 

[0056] By means of computations consistent With Max 
Well’s equations, one can predict for each combination of 
parameter values both the amplitudes for different orders of 
diffraction and the corrections of the determination of the 
position of the alignment structure. In one implementation, 
the corrections are determined by searching for the values of 
the parameters that lead to predicted intensities that best ?t 
the measured amplitudes, folloWed by selection of the 
corrections that correspond to the selected parameters. 

[0057] Such a model-based approach may also be applied 
to alignment systems that do not use periodic alignment 
structures and/or diffraction amplitudes to obtain position 
measurements. For eXample, any type of optical properties 
may be used to determine parameter values of parameters in 
a parametriZed model of the alignment structure on the 
substrate, for use in correction position measurements. HoW 
ever, application to measurements using periodic alignment 
structures has the potential advantage that only a relatively 
limited number of parameters suf?ces to characteriZe the 
physical properties of the structure, While still describing an 
alignment structure With a relatively large area. 

[0058] A lithographic apparatus according to another 
embodiment of the invention is arranged to compute a 
relation betWeen one or more parameters of the model and 
a detection signal of the alignment system consistent With 
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the physical laWs of optics (e.g. expressed in mathematical 
terms, such as MaxWell’s equations) for the alignment 
system, and to determine values of the one or more param 
eters so that the values correspond to the measured detection 
signal according to the relation, the position measurement 
being corrected dependent on the values. By implementing 
a relation betWeen parameters of the substrate consistent 
With the physical laWs of optics in the lithographic appara 
tus, it may be possible to avoid a need for extensive 
calibration of the relation for different lithographic process 
operations. 

[0059] A lithographic apparatus according to a further 
embodiment of the invention provides a set of available 
parameters Whose value can be used to determine the 
required correction and has an interface for selecting the one 
or more parameters from the available parameters. Such an 
apparatus may be arranged to respond to selection of the 
subset by determining values of only the selected one or 
more shape parameters in correspondence to the measured 
detection signal. This facility may be used to enable a user 
of the lithographic apparatus to identify one or more types 
of errors for Which corrections should be made after a 
processing operation in terms of physical parameters for 
Which no knoWledge of the optical properties of the align 
ment system may be needed. In addition, the user may 
specify values for other shape parameters Which are not 
expected to vary after a process operation. 

[0060] A selection of a combination of parameters that is 
used for this purpose may be made dependent on the process 
or processes to Which the substrate is subjected prior to 
alignment, depending eg on the nature of the range of 
variations caused by this process or these processes. 

[0061] When a model is used that expresses the optical 
properties as a function of the parameters, a search for the 
best parameter values may be performed in any knoWn Way. 
For example, a simulated annealing technique may be used, 
as such a technique may overcome local minima that have 
been found to occur in models that relate relevant param 
etriZed optical properties of the alignment structure and the 
intensities of the orders of diffraction. 

[0062] HoWever, it is not necessary to determine the 
nature of the deformation of the alignment structure explic 
itly in terms of physical parameters, as long as the correc 
tions of the phase measurements are determined. For 
example, a computation of a function may be used that 
assigns phase corrections to different combinations of inten 
sities. Such a function may be de?ned speci?cally for one or 
more process operations that have been performed prior to 
alignment. A parametriZed function may be used; for 
example, the value of the parameters may be determined on 
theoretical grounds or by means of measurements for the 
one or more process operations. A simple example of such 
a function is a linear relation betWeen intensity ratios and 
phase corrections, the parameters being the coefficients of 
the linear relation. But of course other kinds of functions 
may be used, such as neural net functions that have been 
“trained” for the one or more process operations, or even a 
lookup table With entries for different combinations of 
intensities, the entries containing the corresponding phase 
corrections. Such functions, and especially neural net func 
tions, have the potential advantage that little additional 
computation time may be needed for individual substrates. 
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[0063] According to a further aspect of the invention there 
is provided a device manufacturing method. 

[0064] In a method or apparatus according to a further 
embodiment of the invention, identi?cation of a position 
correction is made in tWo or more stages, applying an 
expectation that the correction (or at least the parameters 
used to determine the correction) are similar for structures 
that have been subjected to processing in common (for 
example, in the same batch or on the same substrate). In such 
an embodiment, the parameters or correction computed for 
an alignment structure are used as an initial value in a search 

for the parameters for a subsequent alignment mark. More 
generally, a parameter or correction that has been estimated 
on average for a substrate or batch as a Whole may be used 
to bias the estimate for individual alignment marks or groups 
of alignment marks. 

[0065] One such embodiment includes a preselection 
stage in Which, for a batch of a plurality of substrates that 
have been subjected to a common set of process operations, 
a subset of available corrections is selected from a ?rst 
measurement of the intensities of the orders of diffraction 
and/or other parameters. The embodiment also includes a 
subsequent stage for selecting a speci?c correction for an 
individual alignment structure (or for an individual sub 
strate, or an individual region on such a substrate) from a 
second measurement of the intensities of the orders of 
diffraction for that alignment mark (or one or more align 
ment marks on said individual substrate or in said region). 
Similarly, instead of or in addition to preselection at the 
batch level, preselection at the substrate level or region level 
may be used prior to ?nal selection for an individual 
alignment structure or region on a substrate. Thus, less 
computation may be needed to ?nd the corrections for 
individual alignment marks and/or the consistency of the 
corrections may be improved. 

[0066] An alignment subsystem (not shoWn in FIG. 1) 
may be included in a lithographic apparatus for accurately 
measuring the position of substrate W to ensure that sub 
strate W is properly aligned during projection. For example, 
a alignment subsystem may be needed because the location 
of substrate W on substrate table WT cannot be controlled 
With suf?cient accuracy. Fluctuations in processing opera 
tions may affect the phase shift of different substrates 
differently. In a semiconductor manufacturing process, for 
example, substrate (or Wafer) W may be subjected to many 
processing operations, and in betWeen groups of processing 
operations, the Wafer may be placed on a substrate table and 
illuminated through a mask to ensure location-dependent 
processing. Prior to illumination, it may be desirable for the 
mask and the substrate to be aligned, eg in order to ensure 
that the location Where the mask is projected onto the Wafer 
corresponds With the positions at Which earlier masks have 
been projected and/or later masks Will be projected. 

[0067] FIG. 2 schematically shoWs an embodiment of the 
alignment subsystem, containing an optical subsystem With 
a radiation source 20, an imaging structure 24, reference 
structures 26, 26a, detectors 28, 28a and a processing unit 
29. Although processing unit 29 is shoWn as one element, it 
Will be understood that processing unit 29 may be made up 
of a number of interconnected processors. 

[0068] Radiation source 20 (for example, a laser) is 
arranged to generate a spot of light on an alignment mark 22 
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on substrate W. For accurate alignment, substrate W may 
contain an alignment structure With spatially periodic re?ec 
tion properties in alignment mark 22. Imaging structure 24 
contains a lens arrangement 240, 242 to image alignment 
mark 22 onto reference structure 26. Reference structure 26 
has spatially periodic transmissive properties. Detector 28 is 
arranged to detect a spatially averaged intensity of radiation 
transmitted by reference structure 26. Detector 28 has an 
output coupled to an input of processing unit 29, Which in 
turn has a control output coupled to second positioning 
structure PW, Which is coupled to substrate W. Interfero 
metric measuring structure IF has an output coupled to 
processing unit 29. 

[0069] It Will be understood that various changes may be 
made to the alignment subsystem Without affecting its 
function. For example, mirrors may be added to be able to 
move elements of the alignment subsystem to more conve 
nient locations. In one embodiment, the alignment sub 
system is immediately neXt to the projection lens, but it Will 
be understood that the alignment subsystem may be further 
removed from the projection lens. It is not necessary that the 
substrate is in the path of the projection beam during 
alignment. In fact, another substrate (eg on a separate 
substrate table) may even be in the path of the projection 
beam during alignment. 

[0070] In operation, radiation from radiation source 20 is 
re?ected from alignment mark 22, and imaging structure 24 
uses the re?ected radiation to image alignment mark 22 onto 
reference structure 26. The imaged radiation is partially 
transmitted by reference structure 26 onto detector 28 Which 
generates an electric signal that is indicative of the spatially 
averaged intensity of the transmitted radiation. 

[0071] During alignment, this alignment structure is 
imaged onto reference structure 26. The spatially averaged 
amount of light transmitted by reference structure 26 
depends periodically on the relative phase of the image of 
the alignment structure and reference structure 26. Imaging 
structure 24 passes only selected pairs of orders of diffrac 
tion onto reference structure 26. As shoWn, imaging struc 
ture 24 has been designed to ?lter out selected orders of 
diffraction from alignment mark 22. For such purpose, 
imaging structure 24 may contain lenses 240, 242 With a 
diffraction order ?lter 244 in betWeen. A ?rst lens 240 maps 
light diffracted in respective directions to respective posi 
tions on diffraction order ?lter 244, Which transmits only 
light from selected positions. A second lens 242 forms an 
image of alignment mark 22 from the transmitted light. Thus 
only selected pairs of orders of diffraction are used for 
imaging onto reference structure 26. Without such selective 
transmission position measurement is in principle also pos 
sible, but it may have a Worse signal-to-noise ratio. 

[0072] As shoWn, a number of pairs of diffraction orders 
of the light from alignment mark 22 may be treated sepa 
rately. For separate treatment, Wedges 246 may be provided 
to ensure that different pairs of orders are imaged onto 
different reference structures 26, 26a, each provided With its 
oWn detector 28, 28a. By Way of eXample, elements for 
measuring intensity of light of only tWo pairs of orders have 
been shoWn: tWo reference structures 26, 26a and corre 
sponding detectors 28, 28a, for pairs of diffraction orders :1 
and :2, respectively. HoWever, elements for a greater num 
ber of pairs of orders can be realiZed analogously. It should 
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be understood that in practice a larger number of diffraction 
orders, for eXample seven pairs of diffraction orders in 
(Where n=1, 2, 3, 4, 5, 6, 7, . . . ) may be treated separately, 
e.g. each With its oWn reference structure and detector. 

[0073] Processing unit 29 uses a signal (e.g. electric or 
electronic) from detector 28 to generate control signals for 
positioning structure PW. Processing unit 29 measures the 
position of substrate W and the alignment system relative to 
one another, ie it determines for Which output value of 
interferometric measuring means IF substrate W and the 
alignment subsystem are in a speci?c alignment relative to 
one another. Subsequently, processing unit 29 uses this 
measurement to control one or more positions With a pre 
determined offset to a position at Which substrate W and the 
alignment subsystem are in alignment, to Which substrate is 
moved for illumination With projection beam PB. 

[0074] Although single elements 240, 242 have been 
shoWn for the sake of simplicity, it should be understood that 
in practice the imaging structure 24 may comprise a com 
bination of lenses and/or imaging mirrors. 

[0075] Furthermore, although a con?guration has been 
shoWn Wherein radiation is ?rst re?ected from substrate W 
and then transmitted through reference structure 26 before 
detection, it should be appreciated that other con?gurations 
may be used. For example, radiation re?ected off reference 
structure 26 may be detected and/or radiation transmitted 
through substrate W may be used (if substrate W permits 
this). Similarly, radiation may be fed to reference structure 
26 ?rst (for re?ection or transmission) before being fed to 
substrate W prior to detection. Also, of course, the invention 
is not limited to a perpendicular incidence as shoWn in FIG. 
2. 

[0076] When substrate W is displaced relative to the 
alignment subsystem in a direction along Which optical 
properties of alignment structure 22 vary periodically, the 
relative phase of the reference structures 26, 26a and the 
periods in the images of alignment structure 22 may vary 
proportionally to the displacement. As a result, the spatially 
averaged intensity of light passed by reference structures 26, 
26a may also vary periodically, e.g. depending on the eXtent 
to Which blocking parts of the periods of reference structures 
26, 26a block the higher intensity parts of the periods of the 
image of alignment structure 22. 

[0077] Processing unit 29 determines the amplitude and 
phase of these periodic variations. The phase is a periodic 
function of displacement: each time When substrate W has 
been displaced by a complete period of alignment structure 
22, the measured phase values repeat. This effect means that 
the position can in principle be determined from the phase, 
eXcept for an ambiguity of an integer number of periods. 

[0078] Unfortunately, the relation betWeen displacement 
and measured phase may depend on the Way substrate W has 
been subjected to processing operations. When the process 
ing operations affect the phase measurement, accurate align 
ment is jeopardiZed. Measurements made for different 
instances of the same alignment mark may differ, possibly 
dependent on both the order and on the alignment mark, as 
an effect of the processing to Which the substrate has been 
subjected. 

[0079] FIG. 3 shoWs an eXample of a cross section of a 
height pro?le of an alignment structure 22. An underlying 
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pro?led layer 40 is shown With a resist layer 42 spun onto 
the pro?led layer. Resist layer 42 is effectively transparent at 
the operating Wavelength of the alignment subsystem, so 
that it merely affects the phase of diffracted light. The pro?le 
contains ridges 46 Which are repeated a number of times 
With a basic period L. Ideally resist layer 42 Would have the 
same height everyWhere, With the result that the mirror 
symmetry of pro?led layer 40 around line 44 Would make 
the entire structure symmetric. 

[0080] In the case of a symmetric alignment structure 22 
on the substrate, the position of alignment structure 22 can 
be determined Without detailed knoWledge of the optical 
properties. In this symmetric case, symmetry line 44 leads to 
a symmetry in the periodic variation When the substrate W 
is displaced relative to the alignment system. This position 
corresponds to alignment of the symmetry line 44 of align 
ment structure 22 With a position de?ned by reference 
structures 26, 26a. Thus, in case of a symmetric structure, 
accurate alignment can be realiZed Without more detailed 
knoWledge of the optical properties of alignment structure 
22. 

[0081] HoWever, due to spinning or polishing effects, the 
thickness of resist layer 42 on different sides of line 44 may 
differ. By Way of example, an unevenness 48 (exaggerated 
in amplitude) on one side of ridges 46 is shoWn. Polishing 
of the substrate also has been found to lead to thickness 
variations on one side of a ridge 46 in some cases. Such a 

variation leads to breaking of the symmetry of alignment 
structure 22 around symmetry line 44. The asymmetry leads 
to a shift in the phase of the intensity information determined 
by processing unit 29. In this case, knoWledge about the 
details of the alignment structure may be needed to realiZe 
accurate alignment. Dependent on such details, it may be 
desirable to apply different corrections to the alignment 
positions determined from phase measurements. It Will be 
appreciated that this dependence may hold not only for 
spinning or polishing effects but also for any other process 
effects that affect the symmetry of alignment structure 22. 

[0082] Processing unit 29 identi?es a correction for a 
position determined from the phase of any one pair of orders 
or combination of pairs of orders of diffracted light, using a 
set of measurements of the amplitude of the intensity 
variations for a plurality of different pairs of orders of 
diffracted light. A possible justi?cation for this approach is 
that there is a correlation betWeen the corrections and the 
amplitudes, because as a result of processing of the substrate 
only speci?c corrections can occur in combination With a 
given set of amplitudes. The dependence of the corrections 
on the intensities may be determined theoretically: for 
example, using a model for different possible detailed align 
ment structures that can result from processing of the 
substrate, folloWed by a calculation of the phase corrections 
and the amplitudes consistent With MaxWell’s equations (or 
any suitable optical approximation of these equations) to 
determine Which phase corrections occur in combination 
With a given combination of intensities. Alternatively, the 
corrections may be determined experimentally: for example, 
by observing possible combinations of intensities and phase 
corrections for a training set of alignment structures With 
positions that have been determined separately. 

[0083] FIG. 4 shoWs a How chart for a method of aligning 
a substrate W according to an embodiment of the invention. 
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In a ?rst task 51, processing unit 29 determines phase values 
<|>n of respective pairs of orders of diffraction With order in 
(eg from the periodic variations of the intensity of light 
passed by reference structures 26, 26a for the respective 
ones of the pairs of orders of diffraction). As is knoWn from 
the prior art, the phase values are related to offset values xn 
of alignment structure 22 according to the expression (q)n= 
2J'cnxn/d (d being the period siZe of the alignment structure). 
In a second task 52, processing unit 29 determines ampli 
tudes In of the different orders of diffraction (eg from the 
amplitudes of variations of the output of detectors 28a-g 
When substrate W is moved relative to the alignment sys 

tem). 
[0084] In a third task 53, processing unit 29 uses the set of 
amplitudes In from second step 52 to determine a set of 
corrections Axn that should be applied to the positions xn 
determined by the phase values <|>n from ?rst task 51. Third 
task 53 can be implemented in a number of Ways. In one 
embodiment, a parametriZed model of the optical properties 
of alignment structure 22 is used With variable parameters P, 
together With a ?rst algorithm for computing one or more 
predictions of the intensities In(P) as a function of the 
parameters P. In this embodiment, processing unit 29 
searches for a set of parameter values P of the model that 
minimiZes a distance (eg a difference) betWeen the mea 
sured intensities In and the predictions In(P). The search may 
be conducted, for example, using a simulated annealing 
algorithm. Subsequently, processing unit 29 uses a second 
algorithm to compute the corrections Axn(P) for parameters 
that have been found according to a second parametriZed 
model. 

[0085] In a fourth task 54, the corrections Axn that have 
been determined in third task 53 are applied to the positions 
<|>n determined in ?rst task 51. Thus, a consistent set of 
position measurements is obtained, from Which an overall 
alignment position X may be determined (for example, by 
averaging the positions xn over the different orders of 
diffraction). In a ?fth task 55, substrate W is illuminated With 
beam PB at one or more positions after positioning substrate 
table WT and patterning structure M relative to one another, 
so that the pattern is projected at a speci?ed position relative 
to the position of the alignment structure 22 as determined 
from the calculated overall alignment position X. 

[0086] It should be appreciated that various modi?cations 
may be applied to an alignment process as described in FIG. 
4. For example, instead of computing and applying correc 
tions for individual orders, one may also compute a position 
from a combination of uncorrected measurements for dif 
ferent orders, folloWed by correction of the combined result. 
As another example, in addition to the amplitude measure 
ments, other measured properties of the substrate (such as 
the variation of the phase values over the different orders) 
may be used to determine the required corrections. Thus, for 
example, the model parameters may be ?t so as to minimiZe 
a distance (eg a difference) betWeen predictions and mea 
surements of both phase values and amplitude values. Inten 
sity measurements made With light of the same and/or of 
other Wavelengths than the phase measurements may be 
used to determine the corrections, Whether alone or in 
combination With intensity measurements made at the other 
and the same Wavelengths. In general, use of amplitudes 
from more pairs of orders of diffraction may increase 
accuracy. 
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[0087] One may also determine the corrections using 
intensity measurement of light diffracted in diffraction 
orders from one or more reference structures other than the 

reference structure for Which the corrections are determined. 
These other reference structures may be on the same sub 
strate, or even on one or more different substrates that have 

been subjected to processing as a batch together With the 
substrate that contains the reference structure for Which the 
corrections are determined. HoWever, it may be desirable for 
processing unit 29 to use at least the amplitude measure 
ments made concurrently With the determination of the 
phase values, ie With the same light at the same Wave 
length. Thus hardly any measuring overhead is required for 
the correction. 

[0088] Furthermore, instead of ?tting parameter values P 
in third task 53, the amplitude values and Whatever other 
measurements are used to determine the corrections may be 
used as an index to retrieve stored information about cor 
rection values. Such an arrangement may be realiZed, for 
example, by generating the corrections as a parametriZed 
function of the amplitudes, the parameters of the function 
being trained using eg computations of corresponding 
intensities and corrections as described herein. As a special 
type of function a neural netWork function may be used, 
after similar training of a neural netWork. 

[0089] Such a neural netWork may be trained, or the 
parameters of the parametriZed function may be estimated, 
for example, by measuring the amplitudes for a test sub 
strate, positioning and illuminating the test substrate W at 
some position relative to the mask M, and subsequently 
processing the test substrate so that the relative position of 
?rst features determined by the mask and second features of 
the underlying substrate become detectable. As a ?rst fea 
ture, a ?rst rectangle may be used that contains a second 
rectangle that is used as a second feature. By measuring the 
relative position of the ?rst and second features, a set of 
training data may be obtained that describes the corrections 
for the set of measured amplitudes. Alternatively or in 
addition, a theoretical model may be used, and training data 
consistent With this model may be generated. The set of 
training data may be used to train the neural netWork eg 
using a knoWn neural-netWork training algorithm. 

[0090] Good results have been obtained, for example, With 
a neural netWork that uses input signals that encode the 
amplitude of seven pairs of orders of diffraction for tWo 
colors (14 signals) and the phase of these pairs of orders 
(another 14 signals). In this example, Weighted sums of 
these input signals are applied to six neurons With, for 
example, S-shaped response functions. A Weighted sum of 
the outputs of these neurons is fed to an output neuron With 
a linear response function, Which represents the estimated 
position. The Weight values used in the Weighted sums are 
determined by neural-netWork training by means of 
examples. Thus signi?cantly improved positioning Was 
achieved. In addition to the single output neuron for posi 
tion, more output neurons may be used to estimate other 
parameters such as shape parameters of the alignment 
marks. 

[0091] Alternatively, parameters of the parametriZed func 
tion may be estimated (e.g. coef?cients of a linear or 
polynomial function): for example, using an estimate that 
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minimiZes distance (eg a least-squares difference) betWeen 
the predicted and measured corrections for a plurality of 
training sets. 

[0092] Similarly, training data may be obtained from other 
measurements of the actual correction, performed eg by 
removing part of the photosensitive layer and measuring the 
correction betWeen measurements made Where the layer is 
present and Where the layer has been removed. 

[0093] Similarly, this type of training data may be 
obtained for training the computation of the offset if other 
measurements than the amplitudes are used. 

[0094] In principle, the corrections may be computed 
aneW for every alignment structure 22. Since the corrections 
may be affected or determined by processing operations to 
Which an entire substrate W is subjected, or even a batch of 
such substrates, the corrections needed for different align 
ment structures on the same substrate or on different sub 

strates may be correlated as Well. Accordingly, intensity 
measurements for one or more different reference structures 

on the substrate, or on other substrates from the same batch, 
may be used to initialise or constrain the search for param 
eter values P that best ?t the intensity measurements. Thus, 
less searching may be required. 

[0095] Advantageously processing unit 29 is programmed 
With a physical model, Which relates shape parameters of 
alignment mark 22 to measured parameters such as the 
phase and amplitude of the periodic variations of the inten 
sity at detectors 28, 28a consistent With MaxWell’s equa 
tions. Such physical models are knoWn per se. For example, 
such a physical model may use a complex re?ection coef 
?cient function Fk(r) as a function of coordinates r=(x,y) of 
position in an arbitrary virtual plane at substrate W (k being 
the Wave-vector of the incoming light). The function Fk(x,y) 
determines the refracted amplitude and phase 
exp(jk.r)*l“k(x,y) of the light at position x, y in said plane in 
response to an incident ?eld exp(jk.r). When Fk(x,y) is 
knoWn, a Well-knoWn and straightforWard mathematical 
relation exists for computing the measured parameters at 
detectors 28, 28a from Fk(x,y). Given the shape parameters 
of alignment mark 22 and the optical properties of its 
material in turn, Fk(x,y) can readily be computed. 

[0096] In a structure as shoWn in FIG. 3, for example, it 
may be desirable in applying such an approach to use 
parameters characteriZing features such as the siZe and 
height of ridges 46, the re?ectivity of the material of pro?led 
layer 40, the transmission coef?cient of resist 42, and the 
amplitude and/or scale of the unevenness 48 due to spinning 
or polishing. Processing unit 29 may be programmed to 
compute Fk(x,y) from values of these parameters and to 
compute the amplitude and phase of the intensity variations 
at detectors 28, 28a from Fk(x,y) given the properties of 
light source 20. For the computation of Fk(x,y), knoWn 
techniques such as the RCWA technique may be used, but 
often a simple model may suf?ce, such as the vertical 
propagation model, Which computes Fk(x,y) from the re?ec 
tion coef?cient of pro?led layer 40 at given points of on the 
layer and at a given angle of incidence from the properties 
of the material of that layer and its local orientation, With a 
phase correction to account for propagation through the 
overlying layer. By applying inverse modeling, values of the 
parameters may be estimated that ?t the measured ampli 
tudes to the computed amplitudes. Processing unit 29 may 
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compute the computed parameters and/or corrections of 
position measurements obtained from the phase values. 

[0097] It Will be appreciated that such a technique is not 
limited to a phase grating alignment sensor as shoWn in FIG. 
2. It may also be applied to other sensors, eg a correlation 
sensor that forms an image of a non-periodic alignment 
structure and computes a correlation coef?cient betWeen this 
image and a reference image, estimating the position of the 
substrate from the location of the maximum of the correla 
tion coefficient; or a sensor that detects edges betWeen 
features in an image of the (not necessarily periodic) align 
ment structure and measures the position of these edges to 
estimate the position of the alignment structure; or any other 
optical sensor. In each case, a model can be programmed that 
relates shape parameters of the alignment structure to mea 
sured quantities such as correlation as a function of position, 
image edge pro?le etc., from Which the parameters can be 
estimated and used to correct the measured position. 

[0098] By supplying a model expressed in terms of param 
eters of the substrate that are adjustable during alignment (as 
far as relevant for the optical properties of the alignment 
structure) and computing the optical relation betWeen those 
parameters and quantities measured by the alignment system 
during alignment, one may obviate a need to provide exten 
sive position measurements to calibrate the position correc 
tions. The model may be expressed in any terms. Preferably, 
shape parameters are used, Which parametriZe the geometri 
cal form of structures on the substrate such as ridges. 
Examples of such parameters are parameters describing 
edge slope of ridges on either side of the ridges, slopes of the 
platform at the top of the ridges and the valleys betWeen the 
ridges, edge height or depth, layer thickness of a layer on top 
of ridges, etc. In addition, other parameters may be given for 
Which ?xed values are set a priori before alignment. 

[0099] Alternatively, or in addition, non-geometrical 
parameters may be used, such as the refractive index of the 
material in layers on the substrate, or the re?ection coeffi 
cient of material used for the structures. These parameters 
can usually be set a priori. As yet another alternative, optical 
parameters may be used, such as coef?cients that describe a 
pieceWise approximation of Fk(x,y) at or near the surface of 
the alignment structure in a direction along Which the 
alignment structure varies periodically (eg in terms of a 
polynomial approximation). The pieces of the pieceWise 
approximation in this case may correspond approximately to 
successive structures on the substrate in the alignment 
structure. Such parameters are equivalent to more structural 
parameters as far as the optical effects are concerned. Of 
course, in case of such parameters, also some of the param 
eters may be ?xed a priori and for others, values may be 
determined during alignment. 

[0100] It may be desirable to program processing unit 29 
to be able to perform such computation using any combi 
nation of a programmed set of parameters. In a further 
embodiment, processing unit 29 is provided With an inter 
face for commanding processing unit 29 to select Which of 
the set of available parameters should be used. The interface 
may include, for example, a keyboard for entering a selec 
tion of the parameters, or a netWork connection (not shoWn) 
along Which a Computer Aided Manufacturing system sig 
nals a selection of these parameters to processing unit 29. 
Thus technologists, Who knoW the processes used to process 
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the substrate and the values of parameters that are likely to 
result from these processes as Well as the parameters that are 
likely to be variable, may be able to adapt operation of the 
alignment system Without knoWledge of optical properties of 
the alignment subsystem. 

[0101] The parameters for Which values may be selected 
during alignment need not be selected explicitly each time. 
Instead, processing unit 29 may contain stored subset selec 
tions, so that the interface need only specify one of the stored 
subsets. In addition, the interface may be used to specify 
values for the unselected parameters and ranges or mean 
values for the selected parameters. 

[0102] Using information from the interface, processing 
unit 29 may adapt the computation of the parameters as 
selected, and correct the position measurements according to 
the parameters that have thus been computed. In this Way a 
user can modify the operation of processing unit dependent 
on the type of processing to Which substrate W has been 
subjected prior to alignment. 

[0103] Embodiments of the invention may be adapted for 
use With a lithographic projection apparatus that includes a 
radiation system for providing a projection beam of radia 
tion; a support structure for supporting a patterning struc 
ture, the patterning structure serving to pattern the projection 
beam according to a desired pattern; a substrate table for 
holding a substrate that comprises an alignment structure; a 
projection system for projecting the patterned beam onto a 
target portion of the substrate; and an alignment system. 
Embodiments of the invention also include device manu 
facturing methods. 

[0104] Whilst speci?c embodiments of the invention have 
been described above, it Will be appreciated that the inven 
tion as claimed may be practiced otherWise than as 
described. It is explicitly noted that the description of these 
embodiments is not intended to limit the invention as 
claimed. 

1. A lithographic projection apparatus comprising: 

a support structure con?gured to support a patterning 
structure, the patterning structure being con?gured to 
pattern a beam of radiation according to a desired 
pattern; 

a substrate table con?gured to hold a substrate including 
an alignment structure having spatially periodically 
varying optical properties; and 

an alignment system con?gured to obtain positional infor 
mation from light affected by the substrate, to deter 
mine a position of the alignment structure relative to 
the patterning structure based on the positional infor 
mation, and to control a relative positioning of the 
patterning structure and the substrate based on the 
determined position, 

Wherein the alignment system is further con?gured to 
obtain position-invariant information from light 
affected by the substrate and to determine, based on the 
position-invariant information, a correction to a deter 
mination of a position of an alignment structure of at 
least one among (1) the substrate, (2) another substrate 
that has been subjected to a processing operation in 
common With the substrate, and (3) a further substrate 
that has been subjected to a further processing opera 
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tion according to the same value of a processing 
parameter used to subject the substrate to the further 
processing operation. 

2. The lithographic projection apparatus according to 
claim 1, Wherein the alignment system is con?gured to 
measure a phase value of light diffracted by the alignment 
structure and to determine the position of the alignment 
structure based on the phase value. 

3. The lithographic projection apparatus according to 
claim 1, Wherein the alignment system is arranged to mea 
sure intensities of individual pairs of diffraction orders of 
light diffracted by the alignment structure. 

4. The lithographic projection apparatus according to 
claim 3, Wherein the alignment system is arranged to mea 
sure a phase value for at least one pair of diffraction orders, 
the correction being based on the phase value and the 
measured intensities. 

5. The lithographic projection apparatus according to 
claim 3, Wherein the alignment system includes a model 
describing at least one position-dependent optical effect of 
the alignment structure, and 

Wherein the alignment system is arranged to compute 
information about a distance betWeen (1) the measured 
intensities and (2) corresponding values based on the 
model and to estimate at least one value of the position 
based on a parameter of the model that minimizes the 
distance. 

6. The lithographic projection apparatus according to 
claim 3, Wherein the alignment system includes a model 
describing at least one position-dependent optical effect of 
the alignment structure, and 

Wherein the alignment system is arranged to estimate a 
value of a parameter of the model that corresponds to 
at least one of the measured intensities and to determine 
the correction based on the estimated value. 

7. The lithographic projection apparatus according to 
claim 6, Wherein the alignment system is arranged to com 
pute information about a distance betWeen the measured 
intensities and values of the intensities according to the 
model and to determine the at least one estimated value so 
as to minimiZe the distance. 

8. The lithographic projection apparatus according to 
claim 6, Wherein the alignment system includes a set of 
available parameters of the model, and 

Wherein the alignment system comprises an interface 
con?gured to permit selection of at least one parameter 
from the set of available parameters, the correction 
being based on an estimated value of the at least one 
selected parameter. 

9. The lithographic projection apparatus according to 
claim 8, Wherein the alignment system is con?gured to 
determine the correction independent of a parameter of the 
set of available parameters that is not selected. 

10. The lithographic projection apparatus according to 
claim 6, Wherein the parameter of the model describes a 
geometrical property of the alignment structure. 

11. The lithographic projection apparatus according to 
claim 1, Wherein the alignment system includes a phase 
grating alignment system. 

12. The lithographic projection apparatus according to 
claim 1, Wherein the alignment system is arranged to mea 
sure position-invariant information from light of a plurality 
of Wavelengths, and 
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Wherein the correction is based on the position-invariant 
information from light of a plurality of Wavelengths. 

13. The lithographic projection apparatus according to 
claim 1, said apparatus further comprising a neural netWork 
con?gured to determine the correction. 

14. A lithographic projection apparatus comprising: 

a support structure con?gured to hold a patterning struc 
ture, the patterning structure being con?gured to pat 
tern a beam of radiation according to a desired pattern; 

a substrate table con?gured to hold a substrate having an 
alignment structure; and 

an alignment system con?gured to measure properties of 
light affected by the alignment structure, to determine 
a position of the alignment structure relative to the 
patterning structure based on the measured properties, 
and to control a relative positioning of the patterning 
structure and the substrate based on the determined 
position, 

Wherein the alignment system includes a model describ 
ing physical properties of the alignment structure, and 

Wherein the alignment system is arranged to estimate a 
value of a parameter of the model that corresponds to 
at least one of the measured properties and to determine 
a correction to the determined position based on the 
estimated value. 

15. The lithographic projection apparatus according to 
claim 14, Wherein the alignment system is arranged to 
compute information about a distance betWeen the measured 
properties and values of the properties according to the 
model and to determine the at least one estimated value so 
as to minimiZe the distance. 

16. The lithographic projection apparatus according to 
claim 14, Wherein the alignment system includes a set of 
available parameters of the model, and 

Wherein the alignment system comprises an interface 
con?gured to permit selection of at least one parameter 
from the set of available parameters, the correction 
being based on an estimated value of the at least one 
selected parameter. 

17. The lithographic projection apparatus according to 
claim 14, Wherein the parameter of the model describes 
geometrical properties of the alignment structure. 

18. A device manufacturing method comprising: 

using a patterning structure to pattern a beam of radiation 
according to a desired pattern; 

determining a position, relative to the patterning structure, 
of an alignment structure having spatially periodically 
variable optical properties, based on positional infor 
mation from light affected by a substrate having the 
alignment structure; and 

controlling a relative positioning of the patterning struc 
ture and the substrate, based on the position; 

Wherein said determining a position includes obtaining 
position-invariant information from the light affected 
by the substrate and determining, based on the position 
invariant information, a correction to a determination 
of a position of an alignment structure of at least one 
among (1) the substrate, (2) another substrate that has 
been subjected to a processing operation in common 



US 2004/0174508 A1 

With the substrate, and (3) a further substrate that has 
been subjected to a further processing operation 
according to the same value of a processing parameter 
used to subject the substrate to the further processing 
operation. 

19. The device manufacturing method according to claim 
18, Wherein said determining a position includes measuring 
a phase value of light diffracted by the alignment structure 
and determining the position of the alignment structure 
based on the phase value. 

20. The device manufacturing method according to claim 
18, Wherein said determining a position includes measuring 
intensities of individual pairs of diffraction orders of light 
diffracted by the alignment structure. 

21. The device manufacturing method according to claim 
20, Wherein said determining a correction includes measur 
ing a phase value for at least one pair of diffraction orders, 
the correction being based on the phase value and the 
measured intensities. 

22. The device manufacturing method according to claim 
20, Wherein said determining a correction includes applying 
a model describing at least one position-dependent optical 
effect of the alignment structure, computing information 
about a distance betWeen (1) the measured intensities and (2) 
corresponding values based on the model, and estimating at 
least one value of the position based on a parameter of the 
model that minimizes the distance. 

23. The device manufacturing method according to claim 
20, Wherein said determining a correction includes applying 
a model describing at least one position-dependent optical 
effect of the alignment structure, and 

Wherein said applying a model includes estimating a value 
of a parameter of the model that corresponds to at least 
one of the measured intensities, and 

Wherein the correction is based on the estimated value. 
24. The device manufacturing method according to claim 

23, Wherein said applying the model includes computing 
information about a distance betWeen the measured inten 
sities and values of the intensities according to the model 
and determining the at least one estimated value so as to 
minimiZe the distance. 

25. The device manufacturing method according to claim 
23, Wherein said determining a correction includes selecting 
at least one parameter from among a set of available 
parameters of the model, the correction being based on an 
estimated value of the at least one selected parameter. 

26. The device manufacturing method according to claim 
25, Wherein said determining a correction is performed 
independently of a parameter of the set of available param 
eters that is not selected. 

27. The device manufacturing method according to claim 
23, Wherein the parameter of the model describes a geo 
metrical property of the alignment structure. 
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28. The device manufacturing method according to claim 
18, Wherein said obtaining position-invariant information 
includes measuring position-invariant information from 
light of a plurality of Wavelengths, and 

Wherein the correction is based on the position-invariant 
information from light of a plurality of Wavelengths. 

29. The device manufacturing method according to claim 
18, Wherein said determining a correction includes using a 
neural netWork. 

30. A device manufacturing method comprising: 

using a patterning structure to pattern a beam of radiation 
according to a desired pattern; 

measuring properties of light affected by the alignment 
structure; 

determining a position of the alignment structure relative 
to the patterning structure based on the measured 
properties; 

controlling a relative positioning of the patterning struc 
ture and the substrate, based on the determined posi 
tion; 

Wherein said determining a position includes applying a 
model describing physical properties of the alignment 
structure, estimating a value of a parameter of the 
model that corresponds to at least one of the measured 
properties, and determining a correction to the deter 
mined position based on the estimated value. 

31. The device manufacturing method according to claim 
30, Wherein said applying the model includes computing 
information about a distance betWeen the measured proper 
ties and values of the properties according to the model and 
determining the estimated value so as to minimiZe the 
distance. 

32. The device manufacturing method according to claim 
30, Wherein said determining a correction includes selecting 
at least one parameter from among a set of available 
parameters of the model, Wherein the set is based on the 
nature of processing steps to Which the substrate has been 
subjected. 

33. The device manufacturing method according to claim 
30, Wherein the parameter of the model describes a geo 
metrical property of the alignment structure. 

34. The device manufacturing method according to claim 
30, Wherein said determining a position includes using the 
estimated value to select an initial value in a search for at 
least one further parameter, 

Wherein the method further comprises using the at least 
one further parameter to determine a position of at least 
one of (1) a further alignment structure on said sub 
strate and (2) an alignment structure on a further 
substrate. 


